To separate sounds from different sound sources, common properties of natural sounds are used by the auditory system, such as coherent temporal envelope fluctuations and correlated changes of frequency in different frequency regions. The present study investigates how the auditory system processes a combination of these cues using a generalized comodulation masking release (CMR) paradigm. CMR is the effect of a better signal detectability in the presence of comodulated maskers than in the presence of maskers with uncorrelated envelope fluctuations across frequencies. Using a flanking-band paradigm, the results of the first experiment of the present study show that CMR is still observed for the masker and the signal coherently sweeping up or down in frequency over time, up to a sweep rate of six octaves per second. Motivated by the successful modeling of CMR using filters sensitive to temporal modulations and recent physiological evidence of spectro-temporal modulation filters, the second experiment investigates whether CMR is also observed for spectro-temporal masker modulations generated using time-shifted versions of the masker envelope for each component. The thresholds increase as soon as the temporally coherent masker modulation is changed to a spectro-temporal masker modulation, indicating that spectro-temporal modulation filters are presumably not required in CMR models.
INTRODUCTION
A prominent property of many natural sounds, including speech, is the presence of correlated intensity fluctuations across frequencies (Nelken et al. 1999 ). Frequency components with coherent level fluctuations are likely to originate from one sound source. Likewise, a correlated change of the frequency in different frequency regions also indicates that these components belong to the sound of one sound source (Bregman 1994) . The present study investigates whether the auditory system is able to use correlated intensity fluctuations as a cue to determine which stimulus components originate from one sound source when the stimulus components are frequency swept over time.
A psychoacoustical phenomenon indicating the sensitivity of the auditory system to a temporal coherence of intensity fluctuations across frequencies is comodulation masking release (CMR) (Hall et al. 1984; Verhey et al. 2003 , for a review). Comodulation masking release is the effect of an enhanced ability to detect a sinusoid in the presence of a masker if the masker has the same temporal intensity fluctuations in different frequency regions, i.e., is comodulated. Comodulation masking release was initially shown in humans, but was also found in several other mammalian and non-mammalian species (Nelken et al. 1999; Pressnitzer et al. 2001; Nieder and Klump 2001; Klink et al. 2010; Branstetter and Finneran 2008) .
The classical interpretation of CMR is that it reflects the ability of the auditory system to compare envelope fluctuations across frequencies (Verhey et al. 2003 , for a review). A physiological correlate of CMR at the level of the cochlear nucleus indicates that wideband inhibition at this early level of the auditory pathway is a possible physiological mechanism underlying CMR (Pressnitzer et al. 2001; Neuert et al. 2004) . At higher levels of the auditory system, envelope locking suppression was proposed as a physiological correlate of CMR (Nelken et al. 1999; Las et al. 2005) . This envelope locking hypothesis is comparable to the model-based psychoacoustical hypothesis that a reduction of the modulation depth due to the presence of a target signal may be the cue used in the comodulated conditions (Verhey et al. 1999; Piechowiak et al. 2007) . The psychoacoustical models of Verhey et al. (1999) and Piechowiak et al. (2007) are sensitive to a reduction of modulation depth by analyzing the temporal envelope fluctuations with a bank of overlapping bandpass filters, referred to as modulation filters. The assumption of a frequency tuning to temporal modulation was motivated by physiological findings in the inferior colliculus (IC) of the cat: Langner and Schreiner (1988) measured the response of units in the IC to sinusoidally amplitude-modulated tones with a frequency equal to the best frequency of the unit and various modulation frequencies and showed that some units are tuned in the temporal modulation frequency domain. Such a modulation tuning was found at several stages along the auditory pathway (Joris et al. 2004) , and some studies suggest that, at the level of the cortex, there is a map encoding (envelope) periodicity orthogonal to the tonotopic representation (e.g., Langner et al. 2009; Baumann et al. 2011) . Recent physiological studies indicate that the auditory system also shows a selectivity for spectro-temporal modulations, (e.g., deCharms et al. 1998; Depireux et al. 2001; Escabi and Schreiner 2002) .
The first experiment of the present study is a flanking band experiment where the center frequency of each component is frequency swept over time. The aim of this experiment was to investigate whether a masking release can also be found with sweeping components.
The second experiment of the present study generalizes the paradigm of the first experiment from a temporally coherent masker modulation to a masker modulation forming a complex spectro-temporal masker modulation pattern using time-shifted versions of the masker modulation for each band.
EXPERIMENT 1

Methods
Procedure. A three-alternative, forced-choice procedure with adaptive signal-level adjustment was used to determine the masked threshold of the sinusoidal signal. The intervals in a trial were separated by gaps of 500 ms. Subjects had to indicate which of the intervals contained the signal. The initial signal level was 80 dB SPL. Visual feedback was provided after each response. The signal level was adjusted according to a two-down, one-up rule to estimate the 70.7 % point of the psychometric function (Levitt 1971) . The initial step size was 4 dB. After every second reversal, the step size was halved until a step size of 1 dB was reached. The run was then continued for another six reversals. The mean level at these last six reversals was used as an estimate of the threshold. The final individual threshold estimate was taken as the mean over four estimates.
Stimulus and apparatus. A common procedure for generating the narrow-band noise masker components m i (t) for a flanking-band experiment is to multiply a sinusoidal carrier with a low-pass-filtered noise.
where f i (t) denotes the center frequency of the masker band, N i (t) denotes the low-pass-filtered noise without a DC component, and a i and Φ i are the amplitude and the starting phase of the carrier, respectively. In the present study, a sweep was used as the carrier instead of a sinusoid, i.e.,
with the instantaneous frequency
where f i-begin denotes the initial frequency at stimulus onset, f i-end the frequency at stimulus offset, and T the stimulus duration in seconds. The sweeps were specified in units of octaves. Thus, a similar fraction of auditory filters are excited by each masker band. The starting phases, Φ i , were chosen randomly for each band. The amplitudes, a i , were chosen such that each band had a level of 60 dB. The relative frequency separation between the stimulus components was constant over time, i.e., the same sweep rate was used for all stimulus components, since several previous studies on CMR showed that the frequency separation of the noise bands affects the magnitude of CMR (e.g., Moore 1987, 1989; Hall et al. 1990) .
For the uncorrelated (UN) and comodulated (CM) conditions, the masker consisted of five of these noise bands. To generate a masker with uncorrelated masker bands (condition UN), different noise samples were used, i.e.,
Comodulated noise bands (condition CM) were generated using the same low-pass-filtered noise, N(t), for all masker components:
Each noise band had a bandwidth of 24 Hz and a duration of 500 ms, including 50-ms raised-cosine ramps at masker onset and offset.
In addition to the conditions UN and CM, thresholds were also measured for the masker that only consisted of the signal-centered band (SCB). This condition was included to measure the ability of the auditory system to detect the signal when masker and signal had a similar frequency content. In the following, it will be referred to as the SCBonly condition.
Thirteen sweep rates, r, were used: 0 (noSweep condition), ±2/3, ±2, ±3, ±4, ±5, and ±6 octaves per second (sweep conditions). The sweep rate is defined as the temporal rate of change in center frequency of one masker band. Positive sweep rates correspond to upward sweeps in frequency and negative sweep rates to downward sweeps in frequency. For the noSweep condition, the center frequency was 1,000 Hz for the SCB and 400, 600, 1,400, and 1,600 Hz for the flanking bands. For the other (sweep) conditions, the frequency f i-begin was chosen such that (1) the sweep started below and ended above the center frequencies of the corresponding masker bands in the noSweep condition and (2) the instantaneous frequencies of the corresponding bands were equal to the center frequencies for the noSweep condition at t0T/2.
Àr ÁT =2 ð7Þ Figure 1 shows the spectrograms of different masker realizations in the masker conditions UN (left) and CM (right) for sweep rates of −4, 0, and +4 octaves per second. The signal can be described by the following expression:
where a s is the amplitude and f s (t′) is the instantaneous frequency of the signal. For the noSweep condition, the frequency was 1,000 Hz. For the sweep conditions, the sweep rate was the same for signal and the masker bands, i.e., for each instant in time, the SCB was centered at the signal frequency. The signal duration was equal to the masker duration, i.e., 500 ms. The signal was gated on and off with 50-ms raised-cosine ramps. All stimuli were generated digitally with a sampling frequency of 44,100 Hz using MATLAB. Signals were converted to an analog signal (RME ADI-8 DS), amplified (Tucker Davis Technologies TDT HB7), and presented diotically to the listeners in a double-walled sound-attenuating booth via headphones (Sennheiser HD 650).
Listeners. Eight listeners participated. None of the listeners had any history of hearing difficulties, and their thresholds in quiet were within 15 dB HL for all standard audiometric frequencies between 250 Hz and 4,000 Hz. The listeners had at least 1 h experience in experiments on CMR before collecting the data. The study was approved by the ethical committee of the University of Oldenburg.
Statistical analysis. To examine the statistical significance of the effects of stimulus variables and interindividual differences, a three-way analysis of variance (ANOVA) was performed (Mathworks MATLAB, version R2010b, and MATLAB statistics toolbox). To explore the sources of significant effects, a multiple comparison test with Bonferroni correction was performed (MATLAB statistics toolbox). A significance level of 0.05 was used as a criterion.
Results
The results are shown in Figure 2 . In the upper panel, the mean thresholds of the signal for the UN, CM, and SCBonly conditions are plotted in decibels SPL as a function of the sweep rate. The CMR, i.e., the difference between the corresponding thresholds for conditions UN and CM, are shown in the lower panel. For a sweep rate of 0 octaves per second, the thresholds are 56 dB SPL for condition UN and about 45 dB SPL for condition CM. This results in a CMR of 11 dB. With increasing magnitude of the negative sweep rate, the thresholds increase for both conditions. For a sweep rate of −6 octaves per second, the thresholds are 64 dB SPL for condition UN and about 58 dB SPL for condition CM, i.e., the CMR decreases to about 6 dB. The data for positive sweep rates are similar to those for negative sweep rates. The thresholds increase to 65 dB SPL for a sweep rate of 6 octaves per second for conditions UN and to about 59 dB SPL for condition CM. CMR decreases to about 5 dB. Thus, the CMR for large absolute sweep rates is smaller than the CMR for the noSweep condition. However, it is still clearly present, indicating that, even at high rates, comodulation can be used as a cue. For the condition SCBonly, the effect of sweep rate is less pronounced than for the conditions CM and UN. For the sweep rate of 0 octaves per second, the thresholds are the same as for the UN condition, indicating no energetic masking due to the addition of the flanking bands. The thresholds increase slightly toward negative sweep rates from 55 dB SPL for a sweep rate of 0 octaves per second to 59 dB SPL for a sweep rate of −6 octaves per second.
The statistical significance of the effects was performed with the factors listener(A)×sweep rate(B)× condition(C). The stimulus variables sweep rate (13 levels: ±6, ±5, ±4, ±3, ±2, ±2/3, 0) and condition (three levels: SCBonly, UN, CM) were fixed factors. The listener (eight levels: L1-L8) was a random factor. The ANOVA revealed significant effects of all factors (A: F (7, 816) These data indicate the ability of the auditory system to make use of comodulation even if the stimulus components are swept in frequency.
EXPERIMENT 2
Methods
The experimental setup, procedure, listeners, and statistical analysis were the same as for the previous experiment. Four spectro-temporal masker modulation conditions were used with a fixed carrier sweep rate of +2/3 octaves per second. A spectral component in the modulator of the masker was introduced by temporally shifting the masker bands relative to each other in such a way that the ratio of the spectral distance between the bands and their relative time shift was the same for all combinations of masker bands. A similar approach to generate spectro-temporal modulations was used in Chi et al. (1999) to measure detection thresholds for these modulations in humans. Chi et al. (1999) used starting phases for the sinusoidal modulation that increased (or decreased) linearly with the carrier component which were equally spaced on a logarithmic frequency axis. These time phase shifts introduced a spectral modulation component in the modulation. For their modulator, these modulations were also sinusoidal on a log-frequency axis (see their Fig. 3) . A phase shift for a sinusoid is equivalent to a time delay which is used in the present study. In contrast to Chi et al. (1999) , the present study used narrowband noise and the carriers are frequency sweeps instead of sinusoids, but otherwise, the approach is the same as in their study. The chosen time shifts generate a certain slope, μ, in the envelope pattern, as visualized in Figure 3 with the dotted line. The absolute value of this slope is equal to the ratio of the frequency distance and relative time shift minus the carrier sweep rate. For the chosen time shifts, the slope μ was approximately equal to −3, −7, −37, and −75 octaves per second. A negative slope implies that the time shifts decrease as a function of the initial frequency of the components. In addition, two conditions from the first experiment are included for comparison: condition CM with a slope μ of ∞ octaves per second, i.e., for temporally aligned bands, and condition UN with a slope of 0 octaves per second, i.e., uncorrelated bands.
The procedure for generating the masker was essentially the same as for the first experiment. To allow for time shifts, the noise bands were generated with a duration of 2,000 ms. A spectral modulation component was introduced into the masker modulation by choosing different portions of the masker with temporal delays, τ i , for the flanking band.
The corresponding time shifts are given in Table 1 . The masker was gated with a window of 500-ms duration including 50-ms raised-cosine ramps at masker onset and offset. The signal was the same as in the first experiment, with the sweep rate of +2/ 3 octaves per second.
Results
The results are shown in Figure 4 . The mean thresholds are plotted in decibels SPL for the different masker conditions. The threshold for the comodu- lated masker with a slope of ∞ octaves per second (CM) is shown as a triangle and the threshold for the uncorrelated masker (UN) shown as a square. The thresholds for the masker conditions with slopes of −75, −37, −7, and −3 octaves per second are shown as diamonds. The threshold for condition ∞ (CM) from the first experiment is about 45 dB SPL and the threshold for condition UN about 55 dB SPL. The thresholds for the other conditions increase with decreasing magnitude of the slope from about 50 dB SPL to about 57 dB SPL. Thus, as soon as a spectral modulation component is introduced, the CMR decreases.
Statistical analysis was carried out with the factors listener(A)×slope(B). The stimulus variable slope (six levels: ∞(CM), −75, −37, −7, −3, UN) was a fixed factor. The listener (eight levels: L1-L8) was a random factor. The ANOVA revealed a significant effect of the two factors (A: F (7,61) 010.35, B: F (5,591) 0101), but not of the interaction (A×B: F (35,6) 01.42). The post hoc multiple comparison test revealed that the threshold in condition UN is significantly different compared to the conditions with slopes of −3, −37, and −75 and ∞ (CM).
DISCUSSION
A few previous studies investigated how a small sinusoidal frequency modulation (FM) of the masker bands affects CMR (Grose and Hall 1990). The maximum peak deviation of these sinusoidal FMs was only 6 % of the center frequency. They measured no effect of FM modulation coherence on the magnitude of CMR for a sinusoidal signal embedded in FM-modulated noise bands. The CMR was about the same for 3 and 6 % FM modulation.
In contrast to those studies, the center frequencies of the masker bands and the signal of the present study changed monotonically over time, and sweep rates of up to several octaves per second were used such that the masker excited different auditory filters during the stimulus period. The data of the first experiment indicate that coherence of the masker envelopes is beneficial for signal detection of the signal up to high sweep rates. For all conditions, masked thresholds increase as the magnitude of the sweep rate increases.
The second experiment shows that the CMR decreases as soon as a temporal masker modulation is changed to a spectro-temporal masker modulation.
Role of energy within an auditory filter and across-frequency integration of information
An increase in threshold as the magnitude of the sweep rate is increased is common to all conditions of the first experiment. To test to what extent this increase can already be accounted for by the energy in one auditory filter, a power spectrum model (PSM) was used (Fletcher 1940) to predict the data for conditions UN and SCBonly. Condition CM was not simulated since the PSM is not sensitive to comodulation, i.e., cannot distinguish between the conditions UN and CM.
The signal was filtered by a fourth-order gammatone filter (Hohmann 2002) centered at 1,000 Hz, i.e., the signal frequency for the noSweep condition. The stimuli were presented in the same way as in psychoacoustical measurements, i.e., thresholds were determined with a three-interval forced-choice procedure with adaptive level tracking (two-down, one-up).
The root mean square (RMS) of the filter output excluding onset and offset was used to estimate the level at the output of the filter. The resulting level in the interval where both signal and noise were present was compared to the maximum levels of the intervals where the noise only was present. If the difference exceeded 1 dB, the signal was assumed to be detected. Figure 5 shows the mean simulation results over 100 runs with the PSM as an artificial observer. The symbols are the same as in Figure 2 . Simulated thresholds are lowest for stationary maskers, i.e., a sweep rate of 0 octaves per second. At this sweep rate, the simulated thresholds for conditions UN and SCBonly are about the same, i.e., the addition of flanking bands did not increase the masker energy in the filter centered at the signal frequency. With increasing sweep rates, the thresholds for condition SCBonly increase from about 55 dB SPL for a sweep rate of 0 octaves per second to about 63 dB SPL for the highest sweep rates. This increase is due to the reduced duration of the stimuli in the passband of the filter and the increased influence of masker fluctuations on the estimate of the energy in each interval (see deBoer 1966 for a theoretical discussion on the influence of these stimulus parameters on signal detection). The predicted increase is considerably higher than in the data. This indicates that signal detection is based on the analysis of more than the output of one auditory filter. This is reasonable since the sweeping signals with high sweep rates excite more than one filter. Increasing the sweep rate increases the number of auditory channels containing the signal. If it is assumed, for simplicity, that the auditory filters are third-octave filters, then the stimulus excites nine filters during its duration. Each of these filters contains a ninth of the total stimulus duration. Assuming further that the information is integrated across the output of auditory filters containing the stimulus (Green 1958), the thresholds would be predicted to be about 5 dB 10 Á log 10 ffiffi ffi 9 p À Á À Á lower for a sweep rate of 6 octaves per second than those predicted with the PSM using only the output of the auditory filter centered at 1,000 Hz. The resulting predicted increase of 3 dB is in good agreement with the measured effect (2 dB for positive sweep rates and 4 dB for negative sweep rates). Using only the output of the auditory filter centered at 1,000 Hz, the PSM-predicted thresholds for condition UN increased from about 55 dB SPL to about 66 dB SPL for the highest sweep rates (squares in Fig. 5 ). The higher predicted thresholds for condition UN than for the SCBonly masker are due to the additional masker energy: As the sweep rate increases, the masker energy within the filter increases since more and more masker energy of the flanking bands falls into the passband of the auditory filter, i.e., the signal-to-noise ratio at the output of the filter decreases. The predicted increase of 11 dB is slightly larger than the 8-9 dB observed in the data. The difference is presumably due to the restriction of the model to analyze the auditory filter centered at 1,000 Hz. However, the difference is considerably smaller than the 5 dB, which would be expected on the basis of an integration of information across the output of auditory filters. This indicates that this integration of information is less effective when flanking bands are present. The higher similarity in the slope of the data for the conditions UN and CM than for the conditions CM and SCBonly supports this hypothesis.
Role of temporal modulation processing in an auditory filter
Recently, Hsieh and Saberi (2010) showed that detection of amplitude modulation is impaired when imposed on a sweeping carrier instead of a stationary tonal or noise carrier. Thus, if the masking release for a comodulated masker is due to the analysis of the modulation spectrum, as suggested by Verhey et al. (1999) and Piechowiak et al. (2007) , the decrease in CMR with increasing sweep rate in the first experiment may be partly due to the reduced ability to use modulation cues for sweeping components. In addition, it may be difficult to detect common modulation for the different masker bands. The classical view of across-channel processes in CMR is that the auditory system gains information about the masker envelope in the auditory filter from the off-frequency auditory filters centered at the flanking bands (see Verhey et al. 2003 for a review). Without the signal, the envelopes in the filters are highly correlated. This correlation is reduced when the signal is added. The present data challenge this view, as visualized in Figure 1 . Thus, a process based on the correlation of the envelopes at the output of each auditory filter has difficulties in detecting a reduction in comodulation due to the addition of the signal for large sweep rates since envelope correlation is already considerably reduced for the masker alone. Figure 6 The envelope is highly correlated across filters, as expected for a comodulated masker. Panel C shows the corresponding envelopes for the masker with a sweep rate of 4 octaves per second (bottom right panel of Fig. 1 ). Thus, a process analyzing the masker modulation at the output of each auditory filter has difficulties in detecting a reduction in comodulation due to the addition of the signal for large sweep rates. The correlation is considerably reduced, i.e., it is unlikely that a process as described above is used to detect the signal. In contrast to this prediction, the data only show a gradual decrease in CMR, i.e., the auditory system is only slightly impaired when the components are swept in frequency over time. The gradual decrease of CMR with increasing sweep rates supports the hypothesis that the auditory system uses a stage with a broader frequency selectivity than the peripheral auditory filter to detect comodulation. An example for such a broadly tuned stage which has been investigated using electrophysiology is the wideband inhibitor (Pressnitzer et al. 2001; Neuert et al. 2004) . A slightly different broadly tuned stage was proposed in the model by Piechowiak et al. (2007) where the output of modulation filters are combined across auditory filters. Such mechanism may also detect the comodulation in conditions with sweeping components, at least for slow-amplitude modulations where the modulation filters preserve the temporal waveform of the envelope.
Role of spectro-temporal modulation processing
An analysis of temporal modulation with a modulation filterbank has been shown to be a sufficient mechanism to predict CMR on the basis of modulation cues (Verhey et al. 1999; Verhey and Ernst 2009; Piechowiak et al. 2007 ). The present study investigated whether frequency selectivity for spectro-temporal modulations, as observed in physiological studies (e.g., deCharms et al. 1998; Depireux et al. 2001; Escabi and Schreiner 2002) , may also be used by the auditory system to detect signals in complex spectrotemporal masker modulations. The results of the second experiment of the present study indicate a dominance of temporal modulation cues in CMR since the masking release decreased as soon as the purely temporal masker modulation was changed to a spectro-temporal masker modulation. The finding is in qualitative agreement with the psychoacoustical results of previous CMR studies if the effect of the spectral component in the spectro-temporal masker modulation is interpreted as a time delay of the bands. For a single flanking band, McFadden (1986) and Moore and Schooneveldt (1990) found that the CMR started to diminish when a small time delay was introduced, in agreement with the data of the present study. This indicates that spectral masker modulation components combined with temporal masker modulations are not beneficial for signal detection in noise or, at least, that processing of temporally coherent amplitude fluctuations is much more important in this task.
SUMMARY AND CONCLUSIONS
Comodulation masking release (CMR) has so far only been investigated using stationary spectra or using spectra with frequency modulations within a small frequency range. The present study shows that CMR also occurred for sweeping masker and signal components, up to a sweep rate of 6 octaves per second, if the CMR was quantified relative to the uncorrelated condition, i.e., when the two conditions with the same number of masker bands were compared.
The results for the masker consisting of a signalcentered band (SCB) only show a trend different from the other maskers. Simulations with a power spectrum model showed that the thresholds for the condition SCBonly can be predicted by assuming an energybased detection within an auditory channel in combination of an integration of information across frequencies. Predictions of the thresholds for the uncorrelated (UN) condition indicate that this integration is less effective when flanking bands are present. The data support the hypothesis that the auditory system uses a broadly tuned stage to detect coherent envelope fluctuations in different frequency regions rather than a separate analysis of the envelope of the output of each auditory filter.
While CMR is found for non-stationary spectra, it seems crucial that the CMR is only obtained for purely temporal masker modulations. The CMR is reduced as soon as a purely temporal masker modulation is changed to a spectro-temporal masker modulation. This result suggests that comodulation and spectrotemporal patterns are not processed by the same mechanism and are treated as different perceptual processing dimensions, contributing independently to the decision which frequency components are likely to arise from the same sound source.
